Non-Saccharomyces yeasts impact wine fermentations and can diversify the flavor profiles of wines. However, little information is available on the metabolic networks of most of these species. Here we show that unlike the main wine yeast Saccharomyces cerevisiae, Torulaspora delbrueckii and to a lesser extent Lachancea thermotolerans produce significant concentrations of C 5 and C 6 polyols under wine fermentation conditions. In particular, D-arabitol, D-sorbitol and D-mannitol were produced at significant levels. Their release into the extracellular matrix started when that of glycerol ceased. The data also show that polyol production is influenced by initial sugar concentration, repressed by acetic acid and induced in ethanol supplemented media. Moreover, unlike glycerol and sorbitol, mannitol was partially re-assimilated when populations started to decline. The findings suggest that polyol synthesis is a physiological adaptation to stressful conditions characteristic of alcoholic fermentation and that these polyols may serve a similar purpose as glycerol production in S. cerevisiae, including osmoadaptation and redox balancing.
INTRODUCTION
Wine results from grape juice alcoholic fermentation, the biochemical conversion of sugars into ethanol and carbon dioxide. This transformation mainly relies on yeasts, particularly commercialized Saccharomyces cerevisiae strains because of their ability to ensure efficient and reproducible fermentations while also producing sought-after aroma compounds. On the other hand, claims that the use of starter cultures has led to the standardization of sensory, chemical and analytical profiles in wines have recently arisen (Capozzi et al. 2015) . In an attempt to reestablish the greater complexity arising from spontaneous fermentations and/or address specific oenological challenges, the inoculation of non-Saccharomyces yeast strains belonging to several species has become an increasingly popular option. These non-Saccharomyces yeasts are applied in multi-starter fermentations comprising S. cerevisiae. This strategy reduces the risk of stuck or unpredictable fermentations, while allowing the nonSaccharomyces yeasts to leave their metabolic footprint (Jolly, Varela and Pretorius 2014; Rossouw and Bauer 2016; Wang, Mas and Esteve-Zarzoso 2016) .
The abilities of yeasts to survive and grow in grape juice as well as during fermentation determine the extent of their metabolic contribution to the final product. Growth potential is directly correlated with the tolerance to various stresses such as osmotic pressure, redox imbalances and ethanol accumulation (Bauer and Pretorius 2000; Da Silva, Batistote and Cereda 2013; Mestre Furlani et al. 2017; Shekhawat, Bauer and Setati 2017) .
The major mechanisms of adaptation have been studied extensively in S. cerevisiae. In response to osmotic stress and redox imbalances during anaerobic fermentation this yeast produces glycerol, a polyol that serves as a compatible solute. Glycerol production also leads to the re-oxidation of NADH to NAD + (Albertyn et al. 1994; Eglinton et al. 2002; Hohmann 2002; Cambon et al. 2006) . The oenological importance of glycerol is a subject of controversy. While it is frequently reported that glycerol confers a full and smooth mouthfeel to wine, other studies have indicated that the levels of glycerol in natural wines are not directly linked to wine quality (Nieuwoudt et al. 2002) . Excess glycerol production in S. cerevisiae is usually coupled with acetic acid production to maintain redox balances by using surplus NAD(P)
+ accumulated during the synthesis of fermentation metabolites (Soden et al. 2000; Eglinton et al. 2002; Li et al. 2010) . Unlike glycerol which is generally considered as desirable in wine, acetic acid confers a vinegary aroma detrimental to the quality of wine that is easily detected due to its low sensory threshold. Thus, it is in the interest of the winemaker to keep acetic acid levels low (Pigeau and Inglis 2005) .
In the same context, certain non-Saccharomyces yeasts have been reported to show different metabolic responses when exposed to grape juice. For instance, fermentations with Starmerella bacillaris were observed to result in high levels of glycerol without increasing levels of acetic acid in comparison to S. cerevisiae, while Torulaspora delbrueckii, Lachancea thermotolerans, Metschnikowia pulcherrima and others were reported to produce variable amounts of glycerol with low amounts of acetic acid depending on strains and fermentative conditions (Renault et al. 2009; Rantsiou et al. 2012; Gobbi et al. 2013) . Therefore, metabolic mechanisms underlying the differences between glycerol and acetic acid production in wine-related non-Saccharomyces yeast species require further investigation, including whether other metabolites that could impact on redox balancing and stress protection are produced.
The presence of polyols (also known as sugar alcohols) such as arabitol, mannitol and erythritol has been described previously in white, red and noble late harvest wines, but usually only in limited concentrations except for the latter where production has been linked to the fungus Botrytis cinerea (Margalit 2012) . According to the latter author, of the additional polyols, D-arabitol was detected at the highest concentration (0.1-0.6 g/l in dry white or red wine and 2.3 g/l in noble late harvest wine) followed by 2,3-butanediol, sorbitol, mannitol and others. Furthermore, the producing organisms were not isolated and it was proposed that bacteria, yeasts or fungi may be responsible.
The amounts detected in wines were generally below the sensory detection thresholds of these compounds, which had been established in water as 7.3 g/l, 6.5 g/l and 6.2 g/l, for mannitol, arabitol and sorbitol, respectively. However, the cumulative sensory impact of these compounds and their likely synergistic or antagonistic interactions with other compounds is unknown (Waterhouse Sacks and Jeffery 2016) .
Polyols can be produced from the reduction of a variety of sugars (erythritose, L-arabinose, mannose, xylose etc.) and from metabolic pathways such as the pentose phosphate pathway (Song and Vieille 2009; Toivari et al. 2010; Zhu et al. 2010) . Indeed, yeasts such as Candida albicans, Hansenula anomala, Debaromyces napelensis and Zygosaccharomyces sp. were observed to produce polyols from a range of substrates and environmental conditions with functions relating to osmotic, heat and oxidative stress resistance (Van Eck, Prior and Brandt 1989; Wong et al. 1993; Shen et al. 1999; Nozaki et al. 2003; Saha, Sakakibara and Cotta 2007; Zhu et al. 2010; Kumdam, Narayana Murthy and Gummadi 2013) . In this study, we investigated the production of polyols in commonly used wine-related non-Saccharomyces yeasts L. thermotolerans, St. bacillaris and T. delbrueckii during alcoholic fermentation as well as the impact of certain environmental conditions thereon.
MATERIALS AND METHODS

Yeast strains, fermentation media and conditions
Prior to fermentation, the yeast strains listed in Table 1 were maintained on Yeast Peptone Dextrose (YPD) Agar (Merck, Gauteng, South Africa) plates. Single colonies were inoculated into 5 ml YPD and incubated for 24 h at 30
• C and 1 ml or 2 ml of pre-cultures were transferred into 100 ml or 200 ml YPD respectively and incubated for 9-12 h at 30
• C until the cells reached mid-exponential growth phase. Selected yeasts were then inoculated at 1 × 10 7 into filter-sterilized Chenin blanc grape must or autoclaved synthetic grape juice-like medium (Taillandier et al. 2014) containing varying sugar (50, 120 g/l or 230 g/l), acetic acid (0 or 120 mg/l) and ethanol (0 or 4% v/v) concentrations as described in Table 2 . In all media, the nitrogen level was adjusted to 300 mg/l YAN. When Chenin blanc juice was diluted to 120 g/l sugars, Thiazote R (Laffort oenologie, Bordeaux, France) and the amino acid mixture used to make the synthetic grape juice-like medium were supplemented to adjust the YAN level to 300 mg/l (150 mg/l from ammonium and 150 mg/l from amino acids). After inoculation, semi-aerobic fermentations (in triplicates) were incubated at 25
• C with agitation at 120 rpm. At each sampling point, 1 ml samples were harvested for plate counts, 4 ml samples were collected and centrifuged at 4193 g for 5 min. The supernatants were filtered through 0.22-μm filter (Starlab Scientific, Cape Town, South Africa) and 1 ml aliquots were transferred into microcentrifuge tubes. Samples were stored at −20 • C before chemical analyses. Fermentations were terminated when carbon dioxide loss ceased.
Sugar, acetic acid and polyol analyses using enzymatic kits
For the determination of glucose, fructose and glycerol concentrations, Enzytec Fluid kits (R-Biopharm, Germany) were used with an Arena 20XT analyser at the Central Analytical Facility (Stellenbosch University, Stellenbosch, South Africa). The concentrations of additional polyols and acetic acid were determined using enzyme assay kits from Megazyme (Bray, Ireland). However, the kits used did not allow for the detection of individual polyols and results were therefore given in a combination of 2 polyols: in one assay, D-mannitol was detected together with L-arabitol and in another, D-sorbitol was determined with D-xylitol.
Separation and quantification of polyols by chromatography
Gas Chromatography-Mass Spectrometry was used to separate and analyze polyols (except glycerol) derivatized with TMS-HMDS-pyridine as described by York, Darvill and McNeil (1985) with a few modifications at the Central Analytical Facility (Stellenbosch University). Briefly, the samples were converted to their methoxy form using 1 M methanolic HCl at 80 h. After silylation, the derivatives were separated and analyzed in a gas chromatograph Agilent 6890 N (Agilent, Palo Alto, CA) coupled to an Agilent 5975 MS mass spectrometer detector using a polar (95% dimethylpolysiloxane) ZB-Semivolatiles Guardian (30 m, 0.25 mm ID, 0.25-μm film thickness) part number 7HG-G027-11 column. The oven temperature program was maintained at 80
• C for 1 min and finally ramped at 7
• C/min to 300
• C and then held for 2 min. The carrier gas was helium with a flow rate of 1 ml/min and the injector temperature was maintained at 280
• C in a splitless mode. The mass spectral data were recorded on a MSD operated in full scan mode (40-650 m/z) with both the ion source and quadrupole temperatures maintained at 240
• C and 150
• C respectively. The transfer line temperature was maintained at 280
• C. Samples were quantified and integrated according to retention times using polyol mixtures with methods described in previous reports (York, Darvill and McNeil 1985; OIV 2006; Gao et al. 2015) . Pentaerythritol (Sigma Aldrich, Modderfontein, South Africa) was used as an internal standard.
Statistical analysis
A one-way analysis of variance (ANOVA) or single factor ANOVA (Excel, Microsoft) was used to evaluate the differences between yeast strains concerning polyol production under different environmental conditions.
RESULTS
Non-Saccharomyces yeasts produce C 5 and C 6 polyols in grape juice-like medium
Yeast species were inoculated at 1 × 10 7 cfu/ml into synthetic media containing 230 g/l sugars to investigate polyol production throughout fermentation. Yeast growth and fermentation kinetics were monitored throughout as indicated in Fig. 1 . Saccharomyces cerevisiae consumed all sugars by day 5 and maintained the highest population density until the end of fermentation, while St. bacillaris persisted with a population density that was close to that of S. cerevisiae till fermentation was terminated on day 11 (Fig. 1A and D) . Starmerella bacillaris metabolized all the fructose a day earlier than S. cerevisiae but had only consumed around 40 g/l glucose at the end of fermentation. Figure 1B indicates that L. thermotolerans metabolized more sugars than St. bacillaris but its population declined from day 4. Figure 1C shows that T. delbrueckii also fermented better than St. bacillaris as all the glucose was consumed by day 8 and a residual sugar concentration of 20 g/l was measured by the end of fermentation. Unlike with St. bacillaris, the T. delbrueckii population declined from day 5. Figure 2 shows the production of polyols and acetic acid at selected time points throughout fermentation as determined through enzymatic quantification. A sharp increase in the production of glycerol during the exponential growth phase was observed in all yeast species followed by a plateau as fermentation progressed. Table 3 shows that by the end of fermentation the highest concentration of glycerol was observed in St.
bacillaris (around 8 g/l) followed by T. delbrueckii, L. thermotolerans and S. cerevisiae, which produced close to half the amount of St. bacillaris. In contrast, S. cerevisiae was identified as the highest acetic acid producer (around 1 g/l), followed by T. delbrueckii, L. thermotolerans whereas the lowest amounts were detected in St. bacillaris (around 0.3 g/l). To assess whether other polyols were produced by these yeast strains, an enzyme essay was used to determne production of D-sorbitol/xylitol and D-arabitol/Lmannitol. The strains produced a range of concentrations in a species-specific manner. Overall, T. delbrueckii produced the highest concentration of D-mannitol/L-arabitol as well as Dsorbitol/xylitol, followed by L. thermotolerans, St. bacillaris and S. cerevisiae which only produced minute amounts. Glycerol levels remained constant after day 7, while the concentrations of D-sorbitol/xylitol continued to increase and D-mannitol/Larabitol decreased. Day 7 also corresponded to the time when the non-Saccharomyces yeast population started to decline (Fig. 1) .
Screening T. delbrueckii strains for polyol production in low sugar synthetic grape juice-like media
Since T. delbrueckii was observed to produce the highest amounts of polyols other than glycerol during alcoholic fermentation, this yeast species was selected for further studies and the impact of strain variability was investigated. An industrial T. delbrueckii strain, herein referred to as strain X, alongside T. delbrueckii IWBT Y930 and T. delbrueckii CRBO L0544 and the control S. cerevisiae EC1118 were used for this purpose at a concentration of 1 × 10 7 cfu/ml in synthetic grape juice-like must. Moreover, in order to more accurately identify and quantify the polyols produced, a GC-MS technique was optimized as described in
Materials and Methods section. The method proved successful for the separation of polyols (Fig. S1 , Supporting Information) and their quantification (Table S1 , Supporting Information). Nevertheless, the method only allowed the detection of polyols in dry fermentation samples (less than 20 g/l residual sugars) as those containing high residual sugars caramelized during the extraction stage and co-eluted with the polyols. Thus, synthetic must with 120 g/l sugars was used to ensure a complete fermentation by all strains and the GC-MS results obtained were compared to those of the enzymatic kits. Figure 3 shows that the amounts of D-mannitol detected with GC-MS in T. delbrueckii strains were similar to those observed with the D-mannitol/Larabitol assays (for example around 150 mg/l D-mannitol with GC-MS versus 130 mg/l with the enzyme assay in T. delbrueckii CRBO L0544). On the other hand, the amounts of D-mannitol detected in S. cerevisiae were below the limit of detection of the Standard deviations were less than 5% with the exception of 1 with standard deviations that were <10%. Results obtained for yeasts strains with the same letters are not statistically significant (P < 0.001).
Figure 3. Polyol production in Torulaspora delbrueckii strains at the end of fermentation in synthetic grape juice-like medium containing 120 g/l sugars. Gas Chromatography-Mass Spectrometry (individual polyols) and enzymatic assays (D-mannitol/L-arabitol and sorbitol/xylitol) were used to determine polyol production in yeast strains. Td-T. delbrueckii; Sc-S. cerevisiae. Results obtained for yeasts strains with the same letters are not statistically significant (P < 0.02).
GC-MS. L-arabitol results from the reduction of L-arabinose, a monosaccharide that was not present in the synthetic must and the production of this polyol was not further investigated in this study. However, D-arabitol, which was not detectable by enzyme assay, was detected and quantified using GC-MS. This polyol was produced in similar amounts in the three strains, just below 500 mg/l in the three strains of T. delbrueckii. In contrast, no D-arabitol was detected in S. cerevisiae. GC-MS also revealed that the D-sorbitol/xylitol assay accounted for D-sorbitol as no xylitol was produced by any of the yeast. The highest concentration of D-sorbitol was quantified in T. delbrueckii IWBT Y930 (around 200 mg/l), followed by T. delbrueckii CRBO L0544 and T. delbrueckii X whereas no sorbitol was detected in S. cerevisiae when GC-MS was used. Interestingly, the D-sorbitol/xylitol assays suggested slightly higher amounts of sorbitol (for example, approximately 260 mg/l D-sorbitol/xylitol versus 190 mg/l D-sorbitol in T. delbrueckii IWBT Y930). This could be due to glycerol interference as described in the kit manual. GC-MS also revealed the absence of ribitol in this study. Overall, the amounts of polyols produced by the 3 T. delbrueckii strains were not different in a statistically significant manner from each other, with the exception of T. delbrueckii X which produced significantly higher amounts of glycerol and T. delbrueckii IWBT Y930 which resulted in higher amounts of D-mannitol/L-arabitol (Table S2 , Supporting Information).
Impact of sugar on polyol production in synthetic grape juice-like media and Chenin blanc grape must
In order to further investigate the impact of major environmental factors on the production of polyols by T. delbrueckii, strains CRBO L0544 and S. cerevisiae EC1118 were inoculated as before into 150 ml synthetic grape juice-like synthetic must or 350 ml grape must in the presence of various concentrations of sugars, acetic acid or ethanol (Table 2) . Firstly, the impact of sugar on the production of polyols was investigated. Torulaspora delbrueckii and S. cerevisiae fermented to dryness on day 4 in synthetic media containing 50 g/l and 100 g/l initial sugars (data not shown). Table 4 shows that in S. cerevisiae, similar amounts of glycerol were detected regardless of the amount of sugar consumed and no additional polyols were detected. Conversely, polyol and acetic acid production was influenced by the amount of initial sugar present in synthetic media in T. delbrueckii.
In order to confirm the trends observed in synthetic must, polyol production was determined in Chenin blanc grape must and the impact of sugars on the production of polyols was also investigated (120 g/l versus 230 g/l). Sequential fermentations (i.e. T. delbrueckii followed by S. cerevisiae 48 h later) were conducted in order to mimic real winemaking conditions and to ensure fermentation completion at the highest level of sugars. Overall, the yeasts fermented to dryness on day 11 with the exception of T. delbrueckii in pure culture grape must fermentations containing 230 g/l sugars (data not shown). Table 4 indicates that in contrast to synthetic media containing 50 g/l and 100 g/l sugars, glycerol and acetic acid production was influenced by the amount of sugar consumed in S. cerevisiae during grape must fermentation at higher initial sugar concentrations (120 and 230 g/l). In particular, half the amount of glycerol and acetic acid was observed in S. cerevisiae at the end of 120 g/l sugars grape must fermentation when compared to the 230 g/l sugars fermentation (around 8 g/l glycerol and 0.4 g/l acetic acid). Glycerol production in S. cerevisiae was also significantly higher than the T. delbrueckii pure and sequential fermentations in grape must containing 230 g/l sugars. However, no additional polyols were detected in S. cerevisiae. The synthesis of other polyols and acetic acid was observed to be influenced by the amount of sugar present in T. delbrueckii grape must fermentations. Indeed, the highest amounts of other polyols and acetic acid (ca. 0.5 g/l) were detected in T. delbrueckii pure culture fermentations in 230 g/l grape must, even though 21 g/l residual sugars remained unfermented when fermentation ceased. The sequential inoculation in grape must resulted in the second highest amount of polyols (e.g. around 1000 mg/l D-arabitol) while maintaining the lowest acetic acid levels.
Finally, the impact of 4% ethanol and 120 mg/l acetic acid was investigated separately in T. delbrueckii CRBO L0544 and S. cerevisiae EC1118 in synthetic must containing 100 g/l sugars using the same inoculation strategy as previously described. The presence of ethanol influenced D-arabitol production in T. delbrueckii (around 1000 mg/l versus 500 mg/l in the control medium) as shown in Table 4 . Furthermore, supplementation of synthetic media with 4% ethanol resulted in a higher release of D-mannitol and D-sorbitol with the former being enhanced to a lesser extent. Ethanol supplementation also resulted in slightly reduced glycerol production for T. delbrueckii whereas no impact was observed in S. cerevisiae. The presence of acetic acid drastically reduced the production of glycerol in T. delbrueckii and to a higher extent in S. cerevisiae (from 4 g/l to 2 g/l). The production of other polyols was similarly drastically reduced by the presence of acetic acid in T. delbrueckii to levels that were below the limit of quantification. Polyols other than glycerol were not detected in S. cerevisiae.
DISCUSSION
Our data confirm that fermentations with non-Saccharomyces yeasts result in glycerol:acetic acid ratios that differ from those typically obtained in a fermentation solely driven by S. cerevisiae (Vilela-Moura et al. 2008; Canonico, Comitini and Ciani 2015; Medina-Trujillo et al. 2016) . As reported in previous studies, St. bacillaris produced high concentrations of glycerol whereas T. delbrueckii and L. thermotolerans only produced moderate amounts, similar to those produced by S. cerevisiae (Rantsiou et al. 2012; van Breda, Jolly and van Wyk 2013; Benito et al. 2015) . Concurrently, all non-Saccharomyces yeasts produced relatively lower amounts of acetic acid than S. cerevisiae with the exception of T. delbrueckii, which in some conditions produced similar amounts. The metabolic link between glycerol and acetic acid has been thoroughly investigated and established in S. cerevisiae, but the metabolic regulation of this pathway in other winerelevant yeasts is unknown (Renault et al. 2009; Tofalo et al. 2012; Loira et al. 2014) . Our data suggest that these yeasts rely more extensively on other electron acceptors than glycerol, and that T. delbrueckii and to a lesser extent L. thermotolerans produce significant amounts of C 5 and C 6 polyols during alcoholic fermentation. Unlike glycerol, however, the extracellular amounts of these polyols increased primarily during the later stages of fermentation when growth had ceased. Whether this late release when compared to glycerol reflects late production, or rather a longer and more efficient retention inside the cells requires further investigation. In this regard, it has been reported that erythritol and arabitol are indeed retained to a higher degree than glycerol in Zygosaccharomyces rouxii and Pichia sorbitophila (Kayingo, Kilian and Prior 2002) .
The increased production of total polyols resulted in an increase in acetic acid production in T. delbrueckii, most likely due to the enhanced redox imbalance induced by the production of additional polyols. This also suggests that the regulation of redox balance in S. cerevisiae and T. delbrueckii follows similar pathways. However, whereas glycerol production only recycles NAD + , the production of additional polyols may allow for the recycling of both NAD + and NADP + (Song et al. 2002; Nozaki et al. 2003; Voegele et al. 2005; Lin et al. 2010) . Thus, the synthesis of high amounts of other polyols may result in an acetic acid increase via NAD(P) aldehyde dehydrogenases (Remize, Andrieu and Dequin 2000) . The function of these polyols in yeasts may only be hypothesized, but these compounds may be required Standard deviations were below 5% with the exception of 1 with standard deviations which were <13%. Results obtained for yeasts strains with the same letters are not statistically significant (P < 0.001).
for the protection of enzymes and proteins to ensure normal metabolic activity throughout alcoholic fermentation. For example, mannitol and glycerol have previously been reported to increase the stability of lysozyme (Singh and Singh 2003) .
Additionally, polyols such as mannitol and sorbitol may have been produced to be used later as carbon sources or may be important as protectants responsible for cell viability (Costenoble et al. 2003; van Breda, Jolly and van Wyk 2013 ) as a sharp decrease in D-mannitol/L-arabitol was observed after day 7 for all yeast strains when their population started to decline. Although the amounts of other polyols produced in S. cerevisiae were below the limit of quantification in this study, mannitol and sorbitol were observed to function as compatible solutes in gpd mutants of S. cerevisiae but the protective effects could not substitute for those of glycerol (Chaturvedi, Bartiss and Wong 1997; Shen et al. 1999b) . GC-MS revealed the presence of D-mannitol and D-sorbitol in T. delbrueckii and the absence of xylitol. The production of xylitol requires xylose as a substrate and while this sugar is present in grape must (but in minute amounts), it was not present in the synthetic media used in this study (Guo et al. 2006; Margalit 2012 ). D-arabitol was calibrated in place of L-arabitol as the latter requires L-arabinose as a substrate (and was not present in the synthetic medium) whereas the former can be produced from glucose and fructose (Knoshaug et al. 2009; Kordowska-Wiater 2015) . This polyol was produced at the highest amount under all the conditions tested in this study which may be indicative of its importance in T. delbrueckii for adaptation to various environmental conditions. Indeed, the production of D-arabitol has been reported in Z. rouxii, C. albicans, C. famata, Metschnikowia reukaufi along with P. sorbitophila with functions attributed to osmotic adjustment and redox balance (Wong et al. 1995; Kayingo, Kilian and Prior 2002; Nozaki et al. 2003; Kayingo and Wong 2005) . Arabitol was also detected in Hansenula anomala (at a later stage of growth) as an additional compatible solute responsible for yeast viability and as a protectant from sudden stress (Van Eck, Prior and Brandt 1989).
No ribitol was detected in this study during alcoholic fermentation. Studies focused on ribitol production in yeast are limited and the absence of this polyol may be because the metabolic flux was directed towards D-arabitol production instead of ribitol (Ōnishi and Suzuki 1966; Toivari et al. 2010) .
The synthesis of the C 5 and C 6 polyols was observed to be influenced by the amount of sugar present in T. delbrueckii grape must fermentations. This is in agreement with literature suggesting that sugar induces the production of C-3 (glycerol), C-5 (arabitol) and C-6 (mannitol and sorbitol) polyols (Onishi and Suzuki 1968; Dakal, Solieri and Giudici 2014) , although our data show that for glycerol, this correlation only applied for the lower concentrations of sugars in T. delbrueckii. The highest amounts of C 5 and C 6 polyols were observed in T. delbrueckii at the end of 230 g/l sugars grape must fermentation and resulted in a higher amount of acetic acid in comparison to S. cerevisiae. In the sequential fermentation, the presence of T. delbrueckii resulted in high amounts of other polyols with a reduced acetic acid concentration and S. cerevisiae was also beneficial for facilitating a complete fermentation. Therefore, such strategies could be used to increase the polyol content in wines which might impact wine smoothness and mouthfeel while reducing the risk of a stuck fermentation.
Polyols may also play a role in ethanol tolerance. Ethanol inhibits yeast growth and fermentation capacity by compromising the plasma membrane and survival. For yeasts to survive high alcohol levels, changes within the plasma membrane (via fatty acids and sterols) to prevent the influx of protons are required. The presence of 4% ethanol reduced the levels of glycerol but increased the synthesis of the other polyols. This result indeed suggests that these larger polyols may be better suited for certain ethanol-tolerance related protective activities since such yeasts were reported to retain less carbohydrates or fluids (Pina et al. 2004a, b; Da Silva, Batistote and Cereda 2013) . In acetic acid containing medium (120 mg/l), significantly lower amounts of polyols were observed in T. delbrueckii and S. cerevisiae. Although acetic acid consumption is usually glucose repressed, selected strains of S. cerevisiae, Zygosaccharomyces bailii and L. thermotolerans were observed to consume this acid in the presence of glucose under aerobic and semi-aerobic conditions (Vilela-Moura et al. 2008 . Similarly, in this study, a small reduction in acetic acid was observed during the early stages of fermentation in T. delbrueckii and S. cerevisiae under semi-aerobic conditions (data not shown). In a previous study, a reduction in glycerol was also observed in S. cerevisiae after acetic acid intake and it was hypothesized that changes in NAD(P)H oxidation may result in a reduced need for this polyol (Vasserot, Mornet and Jeandet 2010) . Thus, polyol production may have been affected in a similar way for both yeasts. This study also showed polyol production in various T. delbrueckii strains with little variability. Thus, polyol production is likely a characteristic of T. delbrueckii as a species and not strain dependent. However, since only three strains were tested, further investigations are required to confirm this hypothesis.
Further studies are also required to determine the accumulation and transport of these polyols in order to unravel the actual roles of these compounds in T. delbrueckii and other wine-related yeast species. From an oenological perspective, the impact of these sugar alcohols (especially D-arabitol) on wine mouthfeel also requires further studies, as the relatively high concentrations of these polyols in combination with glycerol, residual sugars and other compounds could play an important role in enhancing the sweetness and/or the smoothness perception of wines fermented by T. delbrueckii.
